In this paper, a very useful development to improve the application of a method based on the multiple-diffraction technique to determine the piezoelectric coef®cients of crystals is described. The idea is to choose any speci®c crystallographic direction (plane) through the secondary peaks in the Renninger scan instead of those directions related to the electric ®eld by the piezoelectric tensor. For a set of multiple-diffraction planes, it is possible to obtain an equation system based on the ordinary peak position for each H secondary plane that appears in the Renninger scan. This useful development was successfully applied to the amino acid l-arginine hydrochloride monohydrate in order to provide the d 21 , d 22 , d 23 and d 25 piezoelectric coef®cients by applying the electric ®eld along the [010] crystallographic direction.
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Introduction
The piezoelectric effect is a basic property of some crystals, liquid crystals, polymers and ceramics. When an electric ®eld is applied to the piezoelectric material, it causes slight structural deformations to it. This is called the converse piezoelectric effect, which is connected to the symmetry of the crystal. A fundamental condition for a crystal to be piezoelectric is the lack of a centre of symmetry. (Mukerji & Kar, 1998; Petrosyan et al., 2002) which includes l-arginine phosphate (LAP), which has high nonlinear optical coef®cients (Dow et al., 1970) . Recently (Lima et al., 2002) , X-ray powder diffraction and Raman spectroscopy studies on this crystal showed two possible phase transitions with temperature, at around 100 and 250 K. In this crystal, the l-arginine molecule is present in the form of a dipolar ion (zwitterion). This crystal also attracts interest because of its relation to the high-energy phosphate compounds (phosphoarginine and phosphocreatine). l-Arginine.HCl.H 2 O is an amino acid and is piezoelectric at room temperature. It crystallizes in the monoclinic system, belonging to the P2 1 space group with two molecules of C 6 H 14 N 4 O 2 .HCl.H 2 O per unit cell with lattice parameters a = 11.044, b = 8.481, c = 11.214 A Ê and = 91.31 . The polar axis is oriented along the b axis.
In this work, the X-ray multiple diffraction (XRMD) method, which is a very sensitive and versatile probe to detect small lattice deformations induced by an electric ®eld (Avanci et al., 1998; dos Santos et al., 2001) , is applied, for the ®rst time, to a single crystal of l-arginine hydrochloride monohydrate.
The intention is to improve the method by choosing any four secondary re¯ections to determine the piezoelectric coef®cients (d 21 , d 22 , d 23 , d 25 ) of this material.
Theory
The application of a static or quasi-static electric ®eld to a piezoelectric crystal generates strain in the crystal, known as the converse piezoelectric effect (Nye, 1957) . The elements of the strain tensor 4 ij are linearly related to the applied electric ®eld by the relationship
The analysis of the amino acid l-arginine hydrochloride monohydrate, a monoclinic crystal which belongs to the symmetry point group 2, can be started by writing the vectors representing the crystallographic axes in an orthogonal frame as
The changes in the length of any vector r can be expressed in terms of the strain tensor, 4 ij , by differentiating the equations for the squared length of a vector and the cosine of the angle between two vectors r and s (Avanci et al., 2000) :
When Ár is applied in a separate form to each of the vector components, one obtains
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By using the contracted form of the piezoelectric indices and writing equation (1) in the matrix (Voigt) notation, one obtains
The monoclinic lattice deformations are given by
Considering the special case where E = E y y, and substituting the relationships obtained in (2) and (6) The change in the angle is obtained from the application of equation (2):
Since equations (7)±(10) relate unit-cell deformation to the piezoelectric coef®cients, one has to associate these deformations to the multiple-diffraction secondary-peak position in a Renninger scan.
In the multiple-diffraction phenomenon, a set of planes, usually parallel to the sample surface, referred to as primary planes (h p , k p , l p ), are adjusted to diffract the incident beam. By rotating (9 axis) around the primary reciprocal-lattice vector, several other secondary planes (h s , k s , l s ) within the single crystal with arbitrary orientation also diffract simulta-neously with the primary ones. The interactions among the primary and the several secondary re¯ections are established by the coupling re¯ections (h p À h s , k p À k s , l p À l s ). These interactions appear in the I primary versus 9 pattern, which is usually called a Renninger scan (Renninger, 1937) . Due to both the n-fold symmetry of the chosen primary vector and the two diffraction conditions represented by the entrance and the exit of the secondary reciprocal-lattice point on the Ewald sphere under rotation, the Renninger scan shows 2n mirrors of symmetry throughout the pattern. A detailed review of this technique is presented in a book by Chang (1984) .
The angular position of a multiple-diffraction peak corresponding to any (hkl) secondary plane for a ®xed wavelength, !, can be determined in terms of the angle 9 AE 9 0 (the sign AE de®nes the entrance and exit of the reciprocal secondary node with respect to the Ewald sphere), where 9 0 is the angle between the secondary vector (H 1 ) and the reference vector measured on the equatorial plane of the Ewald sphere (Cole et al., 1962) . This angular peak position is given by
where H 0 is the primary vector, H is the secondary vector, de®ned as H hkl = ha* + kb* + lc*, and H p represents the component of H along H 0 de®ned by H p = H Á H 0 H 0 aH 2 0 . In the case of a monoclinic crystal, the primary and secondary vectors are expressed as
By considering (00l 0 ) as the primary re¯ection, the angular peak position given in equation (11) assumes the form
Thus, in order to relate the lattice deformation to the secondary-peak position, this equation should be differentiated to give À sin 9 hkl AE 9 0 À Á Á 9 hkl AE 9 0 À Á df da Finally, as the multiple-diffraction phenomenon provides three-dimensional information on the analysed crystal lattice, by choosing any four secondary re¯ections, one can solve the system of equations in order to obtain the variation of the four lattice parameters at the same time as a function of the applied electric ®eld.
The piezoelectric coef®cients for a monoclinic crystal under an electric ®eld applied towards the y direction are obtained after the substitution of the measured lattice-parameter variation in the corresponding equations (7)±(10).
Experimental details
The experiments were performed on a single crystal grown by a slow cooling method (solutions of commercial powder in distillated water, supersaturated from aqueous solution at a controlled temperature). Single crystals of good optical quality were cut and polished into parallelepipeds for experiments under a DC electric ®eld.
The experiments were performed by using c-cut single crystals of l-arginine hydrochloride monohydrate. Typical sample dimensions were 4.0 Â 2.5 Â 1.5 mm (the larger being the face where the electric ®eld was applied and the smaller being the face where X-rays diffract). The electric ®eld was generated by a variable-voltage low-current DC power supply, applied to the samples via wires running from the power supply to the sample. Silver plate was used as electrodes and to ®x the wires to the sample, as shown in Fig. 1 . In this ®gure, the incident angle (3), the rotation angle (9), the normal n to the primary planes and the E direction are also depicted. I 0 represents the incident beam and I p the diffracted primary beam.
The quality of the samples was con®rmed by the X-ray synchrotron radiation rocking curve for the 004 re¯ection, where the full width at half-maximum is about 14 seconds of arc.
Renninger scans were carried out at station XD1 of the National Synchrotron Light Source (LNLS), Brazil. The energy was tuned to 9.573 keV with a bandwidth of 2.5 eV. A 0.5 Â 0.5 mm aperture was placed just before the sample to de®ne the beam size as well as vertical and horizontal angular divergences. Two channel-cut Si (111) crystals comprised the monochromator. A Huber three-axis diffractometer was ®xed to a table developed to provide rotation (1 axis) from 0 to 90 around the primary-beam direction, allowing polarization measurements. This 3:9 diffractometer, mounted at station XD1 of the LNLS, provides high resolution for Renninger scans and precise step sizes of 0.0002 and 0.0005 in the 3 and 9 axes, respectively.
Results and discussion
The Renninger scan measurements were performed at room temperature (T 9 298 K). The weak 005 re¯ection of l-arginine was chosen as the primary re¯ection; thus, the secondary peaks of the Renninger scan measurements are all positive (also called the Umweganregung scan). This facilitates the determination of the peak positions and the sample alignment. A typical region of the 005 Renninger scan around the 9 = 0 symmetry mirror is shown in Fig. 2 . The indexing of the secondary peaks in this scan is made with respect to the reference vector [010] which is perpendicular to the [001] primary direction. The use of the [010] reference instead of [100] is preferred because the latter direction is not at an angle of 90 to the primary re¯ection and would thus require a correction.
The peaks used for the determination of the piezoelectric coef®cients correspond to the following secondary re¯ections: Figure 1 Scheme of the electric ®eld applied in the sample to allow for piezoelectric coef®cient determination using XRMD. The normal n to the primary re¯ection planes and the E direction are indicated in the ®gure.
Figure 2
Portion of the 005 l-arginine.HCl.H 2 O Renninger scan around the 9 = 0 symmetry mirror in the monoclinic phase.
Figure 3
Lattice strain versus electric ®eld to obtain the d 22 piezoelectric coef®cient of l-arginine.HCl.H 2 O.
" "
3, 665, 2 " 3 " 7, 563. The measurements of the variation in the maximum peak positions were transformed into lattice strain through the solution of a system of four equations of type (14), considering electric ®elds up to 1500 V cm À1 . Then, two graphs were plotted: (Áb/b) versus E and (Ác/c) versus E, as is shown in Figs. 3 and 4. From these ®gures and according to equations (8) and (9), the d 22 and the d 23 l-arginine piezoelectric coef®cients were found to be (2.2 AE 0.3) Â 10 À9 CN À1 and (6.2 AE 0.8) Â 10 À10 CN À1 , respectively. Next, substituting this value of d 23 into equations (7) and (10) and solving the two-equation system, we were able to ®nd the d 21 and d 25 piezoelectric coef®cients: d 21 = (À5.1 AE 0.5) Â 10 À9 CN À1 and d 25 = (1.4 AE 0.1) Â 10 À10 CN À1 . All values of piezoelectric coef®cients obtained in this work are summarized in Table 1 .
Conclusions
The method (Avanci et al., 1998) to determine piezoelectric coef®cients of single crystals based on the multiple-diffraction technique was improved and successfully applied for the ®rst time to l-arginine hydrochloride monohydrate. The measurements were carried out using synchrotron radiation at station XD1 of the LNLS in a geometry developed specially to promote this kind of experiment. The results of the measurements of any four secondary re¯ections allow one to obtain the (d 21 , d 22 , d 23 , d 25 ) coef®cients for l-arginine and represent a useful contribution to the characterization of this amino acid.
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